Responses to water stress are thought to be mediated by transcriptional regulation of gene expression via reversible protein phosphorylation events. Previously, we reported that bZIP (basic-domain leucine zipper)-type AREB/ABF (ABA-responsive element-binding protein/ factor) transcription factors are involved in ABA signaling under water stress conditions in Arabidopsis. The AREB1 protein is phosphorylated in vitro by ABA-activated SNF1-related protein kinase 2s (SnRK2s) such as SRK2D/ SnRK2.2, SRK2E/SnRK2.6 and SRK2I/SnRK2.3 (SRK2D/E/I). Consistent with this, we now show that SRK2D/E/I and AREB1 co-localize and interact in nuclei in planta. Our results show that unlike srk2d , srk2e and srk2i single and double mutants, srk2d srk2e srk2i ( srk2d/e/i ) triple mutants exhibit greatly reduced tolerance to drought stress and highly enhanced insensitivity to ABA. Under water stress conditions, ABA-and water stress-dependent gene expression, including that of transcription factors, is globally and drastically impaired, and jasmonic acid (JA)-responsive and fl owering genes are up-regulated in srk2d/e/i triple mutants, but not in other single and double mutants. The down-regulated genes in srk2d/e/i and areb/abf triple mutants largely overlap in ABAdependent expression, supporting the view that SRK2D/ E/I regulate AREB/ABFs in ABA signaling in response to water stress. Almost all dehydration-responsive LEA (late embryogenesis abundant) protein genes and group-A PP2C (protein phosphatase 2C) genes are strongly downregulated in the srk2d/e/i triple mutants. Further, our data show that these group-A PP2Cs, such as HAI1 and ABI1, interact with SRK2D. Together, our results indicate that SRK2D/E/I function as main positive regulators, and suggest that ABA signaling is controlled by the dual modulation of SRK2D/E/I and group-A PP2Cs.
Introduction
Plants have developed a wide range of unique adaptive mechanisms to cope with environmental stresses . Water defi cit stress such as drought and high salinity triggers various biochemical and physiological responses in plants, including alterations in gene expression and accumulation of the phytohormone ABA ( Bartels and Sunkar 2005 ) . ABA regulates diverse plant processes, ranging from adaptation to water stress to seed germination and dormancy ( Finkelstein et al. 2002 , Himmelbach et al. 2003 .
Three SnRK2 Protein Kinases are the Main Positive Regulators of Abscisic Acid Signaling in Response to Water Stress in Arabidopsis
Numerous drought stress-responsive genes have been reported, and many are induced by ABA ( YamaguchiShinozaki and Shinozaki 2006 ) . A conserved cis -element known as the ABA-responsive element (ABRE; PyACGTGG/ TC) has been identifi ed in promoters of ABA-regulated genes ( Busk and Pages 1998 , Giraudat 1995 ) . However, a single copy of the ABRE is not suffi cient for ABA-responsive transcription. Successful ABA-responsive gene expression requires either additional copies of the ABRE or coupling elements ( Shen et al. 1996 ) . Arabidopsis cDNAs encoding the basic-domain leucine zipper (bZIP) transcription factors known as ABRE-binding (AREB) proteins or ABRE-binding factors (ABFs) were isolated using the yeast one-hybrid screening method. In Arabidopsis, nine bZIP transcription factors are classifi ed as a homologous subfamily of AREBs, and all contain four conserved domains ( Bensmihen et al. 2002 ) . Among them, AREB1/ABF2 (AREB1), AREB2/ABF4 (AREB2) and ABF3 are transcription activators of ABREdependent ABA signaling, which enhances drought stress tolerance in Arabidopsis plants ( Uno et al. 2000 , Kang et al. 2002 , Fujita et al. 2005 . However, these AREB proteins require ABA for full activation, and their activity is regulated by ABA-dependent multisite phosphorylation of their conserved domains ( Furihata et al. 2006 ) .
Several SNF1-related protein kinase 2s (SnRK2s) such as SRK2D/SnRK2.2 (SRK2D), SRK2E/SnRK2.6/OST1 (SRK2E) and SRK2I/SnRK2.3 (SRK2I) can phosphorylate AREB polypeptides in vitro ( Furihata et al. 2006 , Fujii et al. 2007 ). Likewise, the wheat SnRK2 ortholog PKABA1 phosphorylates the AREB1 ortholog TaABF, and the rice SnRK2 orthologs SAPK8, SAPK9 and SAPK10 phosphorylate the AREB1 ortholog TRAB1, in vitro ( Johnson et al. 2002 . Moreover, SRK2E plays a key role in stomatal responses to ABA in Arabidopsis ( Mustilli et al. 2002 , Yoshida et al. 2002 , Xie et al. 2006 , while SRK2D and SRK2I are probably involved in ABA signaling during seed germination and root growth ( Fujii et al. 2007 ). However, it remains unclear whether these SnRK2 protein kinases control tolerance to water stress via the ABA-dependent activation of bZIP transcription factors. The fi rst ABA-insensitive mutant discovered, abi1 , has a point mutation in the ABI1 gene, which encodes protein phosphatase 2C (PP2C). Since the discovery of abi1 , it has been clarifi ed that protein dephosphorylation plays a pivotal role in ABA signaling ( Koornneef et al. 1984 , Leung et al. 1994 , Hirayama and Shinozaki 2007 . Six members of group-A PP2Cs, i.e. ABI1, ABI2, AHG1, AHG3, HAB1 and HAB2 ( Schweighofer et al. 2004 ), have largely overlapping but different roles as negative regulators of ABA signaling, mainly during germination ( Hirayama and Shinozaki 2007 ) , whereas a protein phosphatase 2A, RCN1, is a positive regulator of early ABA signaling ( Kwak et al. 2002 ) . In addition, SRK2E interacts with ABI1, and acts downstream of ABI1 in ABA signaling ( Mustilli et al. 2002 , Yoshida et al. 2002 . We generated srk2d srk2e srk2i ( srk2d/e/i ) triple mutant plants, and showed that SRK2D, SRK2E and SRK2I protein kinases are essential for the control of seed development and dormancy through the extensive control of gene expression ( Nakashima et al. 2009 ). However, little is known about reversible protein phosphorylation events in the ABA signaling that regulates gene expression in response to water stress.
Here, we report that srk2d/e/i triple mutant plants showed greatly reduced tolerance to drought stress and highly enhanced ABA insensitivity. Moreover, ABA-and water stress-dependent gene expression was globally and drastically impaired in the triple mutant, while jasmonic acid (JA)-responsive and fl owering genes were up-regulated. We found that SRK2D, SRK2E and SRK2I (SRK2D/E/I), and AREB1 co-localize and interact in nuclei in vivo, and their downstream genes substantially overlap. We also showed that a novel PP2C interacts with SRK2D/E/I, suggesting that dual modulation of SRK2D/E/I and PP2Cs regulates ABA signaling. On the basis of our results, we discuss the pivotal roles of SRK2D/E/I in ABA signaling in plants.
Results

SRK2D/E/I and AREB1 co-localize and interact in vivo
Previously, we reported that AREB1 can be phosphorylated by fi ve SnRK2 protein kinases: SRK2C/SnRK2.8, SRK2D/ SnRK2.2, SRD2E/SnRK2.6, SRK2F/SnRK2.7 and SRK2I/SnRK2.3 ( Furihata et al. 2006 ) . Unlike SRK2C and SRK2F, the three protein kinases SRK2D/E/I are in the same clade in the phylogenetic tree of the SnRK2 subfamily ( Kobayashi et al. 2004 ) and are also strongly activated by both ABA and osmotic stress ( Boudsocq et al. 2004 ). As AREB1 is also highly activated by both ABA and osmotic stress ( Uno et al. 2000 , Fujita et al. 2005 , Furihata et al. 2006 , SRK2D/E/I fulfi ll all the requirements as regulators of AREB1. Hence, to address whether SRK2D/E/I can regulate AREB1 activity in vivo, we fi rst determined the tissue-specifi c expression profi les of SRK2D/E/I by generating transgenic Arabidopsis plants carrying the SRK2D/E/I promoters fused to the GUS ( β -glucuronidase) gene. SRK2D-GUS and SRK2I-GUS were expressed in leaf and root tissues, whereas SRK2E-GUS was expressed strongly in the guard cells of leaves (Supplementary Fig. S1 ). The subcellular localization of these proteins was analyzed using transgenic Arabidopsis expressing SRK2D/E/I-GFP under the control of native or constitutive caulifl ower mosaic virus (CaMV) 35S promoters. Confocal microscopic analyses revealed green fl uorescent protein (GFP)-tagged SRK2D/E/I proteins in the nuclei and cytoplasm (Supplementary Fig. S2A-C) . In addition, the SRK2D-GFP protein appeared to become concentrated in the nuclei in response to exogenous salt and ABA treatments in roots (Supplementary Fig. S2D ). These observations support the view that SRK2D/E/I can regulate nucleustargeted AREB1, whose gene expression occurs in whole plants under water stress conditions ( Fujita et al. 2005 ) .
We further analyzed the interaction of SRK2D/E/I and AREB1 proteins in plant cells using bimolecular fl uorescence complementation (BiFC) ( Walter et al. 2004 ) . In onion epidermal cells co-expressing the N-terminal half of yellow fl uorescent protein (YFP) fused to SRK2D/E/I or AREB1 and the C-terminal half of YFP fused to AREB1, YFP fl uorescence was observed in the nucleus, as seen in the cells expressing homodimer-forming AREB1 ( Fig. 1 ) . In contrast, no signals were observed from a mutated AREB1 with amino acid substitutions at the phosphorylation target sites of conserved regions, which are thought to be involved in conformational change of AREB1 ( Fujita et al. 2005 ) . These data show that CFP (pGKX-CFP) control plasmid was co-bombarded to identify transformed cells prior to analyzing the YFP fl uorescence. The YFP fluorescence was normalized to the CFP fluorescence in each transfected cell. As described previously ( Furihata et al. 2006 ), AREB1m has fi ve substitutions to alanine for residues Ser26, Ser86, Ser94, Ser413 and Thr135 within the R-x-x-S-T phosphorylation target motif in the conserved region of AREB1.
SRK2D/E/I interact in vivo with AREB1. This is consistent with a previous observation by co-immunoprecipitation of the in vivo interaction in cultured rice cells between a rice SnRK2 and ABRE-binding bZIP, TRAB1 . Together, our results indicate that SRK2D/E/I and AREB1 co-localize and interact in plant cell nuclei.
Germination, growth and morphological phenotypes of the srk2d/e/i triple mutant
To examine further the role of SRK2D/E/I in planta, we obtained T-DNA insertion mutants of srk2d , srk2e and srk2i in the Columbia background and generated multiple mutants in all possible combinations ( Supplementary  Fig. S3A ) ( Nakashima et al. 2009 ). Semi-quantitative reverse transcription-PCR (RT-PCR) analysis confi rmed that SRK2D/E/I expression was completely interrupted by the T-DNA insertion in the homozygous mutants ( Supplementary Fig. S3B ). Compared with the wild type (WT), all single and double mutants showed the same growth phenotype on germination medium (GM) agar plates under normal conditions ( Supplementary Fig. S3C ), but the srk2d srk2e srk2i ( srk2d/e/i ) triple mutant seeds were unable to germinate. We found that fresh seeds from yellow siliques of the triple mutants and WT seeds germinated under normal conditions, so thereafter we used only fresh seeds for analyses of srk2d/e/i triple mutants. Although the size (maximum rosette radius) of the srk2d/e/i triple mutant was similar to that of the WT at 2 weeks after stratifi cation, the triple mutants had an average of two more leaves than the WT ( Fig. 2A , Supplementary Fig. S3D , E). Also, from 2 weeks after stratifi cation the mature leaves of the triple mutant gradually narrowed compared with those of the WT, and became epinastic with long blades ( Fig. 2A , Supplementary Fig. S3F ). These data clearly indicated that only the srk2d/e/i triple mutant showed a marked phenotype with respect to germination, growth and morphology.
The srk2d/e/i triple mutant displays greatly reduced tolerance to drought stress
We assessed the effect of srk2d/e/i mutations on drought stress tolerance ( Fig. 2B-F ). After reducing the relative humidity (RH) from 95 % to 60 ± 5 % , only the srk2d/e/i triple mutant plants drastically withered and collapsed within 30 min ( Supplementary Fig. S3G ). Under comparatively higher humidity conditions (80 ± 5 % RH), the srk2d/e/i triple mutant survived but was severely stunted ( Fig. 2B, D ).
In the drought tolerance test, only the triple mutant plants died when water was withdrawn for 7 d, whereas all other mutants and WT plants survived to reach maturity after rewatering ( Fig. 2C, E ) . Thus, the srk2d/e/i triple mutant plants showed drastically reduced tolerance to drought stress. These fi ndings are consistent with the increased rate of water loss observed in the srk2d/e/i triple mutant, compared with other mutants and WT plants ( Fig. 2F ), and the dehydration-and ABA-insensitive phenotypes of stomata of the triple mutants compared with those of WT plants ( Supplementary Fig. S3H, I ). Taken together with the results of the more severe drought tolerance tests (Supplementary Fig. S3J , K), these data indicate that the srk2e mutation mainly affects the plants' water loss rates and infl orescence growth. Previously, the srk2e/ost1 mutation was reported to be involved in impaired stomatal closure in response to a rapid decrease in humidity, leading to a wilted phenotype ( Mustilli et al. 2002 , Yoshida et al. 2002 . 2006 . Fujii et al. 2007 ). In addition to the srk2e mutation, the srk2d and srk2i mutations resulted in additive negative effects on water stress-related phenotypes ( Fig. 2B-F , Supplementary Fig. S3I-K) .
The srk2d/e/i triple mutant displays an extreme ABA-insensitive phenotype
Siliques of the srk2d/e/i mutant plants contained viviparous seeds when grown in high humidity conditions (95 ± 5 % RH; Fig. 3A ) ( Nakashima et al. 2009 ), whereas this did not occur in other single and double mutants or in other ABA-related mutants such as abi5-1 and abi3-1 (data not shown). This fi nding, together with the very strong phenotypes of the srk2d/e/i triple mutant with respect to seed maturation and response to water stress, suggested that ABA sensitivities differ markedly among the mutants. Therefore, we tested ABA sensitivities of the srk2d/e/i mutants to evaluate the effect of srk2d , srk2e and srk2i mutations on ABA signaling, which is thought to be closely related to dormancy and osmotic stress ( Fig. 3B, C ) . Seeds of all WT and mutant plants were collected from siliques at the same stage. In contrast to the other mutant and WT plants, green cotyledons were observed by 3 d after stratifi cation in all srk2d/e/i mutant seedlings grown on GM agar plates containing various concentrations of ABA (0-300 µM). This result suggests that the triple mutant is completely insensitive to ABA. This ABA insensitivity of the srk2d/e/i mutant was far more extreme than that of abi mutants, including abi1-1 , abi2-1 , abi3-1 , abi4-1 and abi5-1 (data not shown).
In the vegetative growth stage, seedling growth of srk2d/e/i triple mutant plants was strongly ABA insensitive ( Fig. 3D, E ). Aerial parts of the plants were more ABA insensitive than roots ( Fig. 3D, E , Supplementary Fig. S4 ). These data clearly indicate that the srk2d/e/i triple mutant was extremely insensitive to ABA at germination and post-germination stages. However, during the vegetative stage there was no marked difference in ABA accumulation between the triple mutant and WT plants, whether in water-stressed or unstressed conditions ( Fig. 3F ). This fi nding suggested that the SRK2D/E/I proteins might not be key factors in ABA metabolism at the vegetative stage, but could be important regulators in ABA signaling. The srk2d single and srk2d/e and srk2d/i double mutants showed ABA insensitivity in germination tests on media containing 5 µM ABA ( Fig. 3C ) , and in vegetative root growth on media containing 50 or 100 µM ABA (Supplementary Fig. S4 ). This result indicated that SRK2D is more important for ABA sensitivity than SRK2E or SRK2I. Collectively, these data show that the srk2d/e/i triple mutations cooperate to block ABA signaling almost completely at germination and post-germination stages ( Fig. 3 ) . Thus, the complete blocking of ABA signaling is responsible for the strong viviparous and drought stresssensitive phenotypes of the srk2d/e/i triple mutants.
ABA-and water stress-dependent gene expression was globally and drastically impaired only in the srk2d/e/i triple mutant
To understand the role of SRK2D/E/I in the transcriptional network in response to water stress, we compared the expression profi les in 2-week-old srk2d/e/i triple mutants with those of the WT under stressed conditions using an Agilent Arabidopsis 3 Oligo Microarray (44K feature format). After 6 h of treatment with 50 µM ABA, 250 mM NaCl or dehydration stress, 1,796, 1,292 and 865 genes, respectively, showed reduced expression levels ( ≥ 2-fold) in the triple mutant in comparison with the WT ( P -value <0.05). The srk2d/e/i triple mutant was drastically impaired in ABAand water stress-dependent gene expression, whereas the previously described d/i double mutant ( Fujii et al. 2007 ) was not ( Fig. 4A , Supplementary Table S1A) . Likewise, after 6 h of dehydration stress, the other single and double mutants were not remarkably impaired in ABA-and water stress-dependent gene expression in comparison with the triple mutant (Supplementary Fig. S5 ). These data are consistent with the strong ABA-insensitive and water stresssensitive phenotypes of the triple mutant, unlike the other single and double mutants. Furthermore, although SRK2E is involved in ABA-induced stomatal closure ( Mustilli et al. 2002 , Yoshida et al. 2002 , Xie et al. 2006 and is mainly located in guard cells (Supplementary Figs. S1, S2A, B) , our data indicate that SRK2E, SRK2D and SRK2I all contribute to the regulation of gene expression under water stress conditions. Surprisingly, the triple mutant was almost completely impaired in ABA-and stress-responsive expression of many osmotic stress marker genes, such as KIN2 , RD20 , COR15A and RD29B ( Fig. 4B , Supplementary Table S1A ). We confi rmed the expression of genes identifi ed by the microarray analysis using quantitative real-time RT-PCR (qRT-PCR) ( Fig. 4B ) . After 6 h of treatment with 50 µM ABA, 250 mM NaCl or dehydration stress, expression of most of the transcription factors identifi ed previously as positive regulators in response to water stress, such as RD26 , DREB2A and AREB1 , was also drastically reduced in the triple mutant in comparison with the expression levels in the WT ( Fig. 4B ,  Supplementary Table S1A ). This is consistent with the previous fi nding that SRK2D/E/I are activated by both osmotic stress and ABA ( Boudsocq et al. 2004 ) . Signifi cantly, after 6 h of dehydration stress, among the 51 LEA (late embryogenesis abundant) protein genes identifi ed previously in Arabidopsis ( Hundertmark and Hincha 2008 ) , 93 % (27/29) of the dehydration-responsive LEA protein genes showed reduced expression levels ( ≥ 2-fold) in the srk2d/e/i triple mutant in comparison with the expression levels in the WT, suggesting that dehydration-responsive LEA protein genes are mainly regulated by SRK2D/E/I (Supplementary Table S1B ). Intriguingly, nine JA-responsive defense-related genes such as PDF genes and fi ve genes involved in fl oral development such as AP3 and SEP2 showed increased expression levels in the triple mutant in comparison with the expression levels in the WT after 6 h of dehydration stress in the top 50 genes with the greatest increase in expression (Supplementary Table S1C ). These effects may refl ect view that SRK2D/E/I are upstream factors of AREB1 in ABA signaling. To corroborate this, we compared the downstream genes of SRK2D/E/I and AREB/ABF transcription factors in ABA signaling in the vegetative phase. Considering that AREB1, AREB2 and ABF3 are redundant ABA-responsive transcription factors ( Fujita et al. 2005 ) , we used areb1/ areb2/abf3 triple mutant plants for this analysis. Our results indicated that 94 % (138/147) of the genes that showed reduced expression levels ( ≥ 4-fold) in the areb1/areb2/abf3 triple mutant in comparison with the expression levels in the WT after 6 h of treatment with 50 µM ABA are ABAresponsive genes, which are induced in the WT ( ≥ 2-fold) at 6 h after treatment with 50 µM ABA ( Fig. 4C ) . Moreover, 75 % (103/138) of the ABA-responsive AREB/ABF target genes that showed reduced expression levels ( ≥ 4-fold) in the srk2d/e/i triple mutant in comparison with the expression levels in the WT after 6 h of treatment with 50 µM ABA are also ABA responsive ( Fig. 4C , Supplementary Table S1D ). These data indicate that most AREB/ABF target genes overlapped with SRK2D/E/I targets in response to ABA. This is consistent with the view that these AREB transcription factors are regulated by SRK2D/E/I in ABA signaling.
SRK2D binds HAI1, a newly identifi ed vegetativespecifi c PP2C involved in ABA signaling
Reversible protein phosphorylation is thought to be a key step in regulating signaling pathways ( Hirayama and Shinozaki 2007 ) . Interestingly, the srk2d/e/i triple mutation disrupts ABA-activated transcription of all nine group-A PP2C genes, such as ABI1 and AHG3 ( Fig. 4B , Supplementary Table S1E ). Among them, three PP2C genes ( At5g59220 , At1g07430 and At2g29380 ) that were strongly induced in the vegetative phase of the WT at 6 h after treatment with 50 µM ABA were named HAI1 , HAI2 and HAI3 (for highly ABA-induced PP2C genes; Fig. 4B , Supplementary Table S1E ). These three PP2Cs are in the same clade in the phylogenetic tree ( Schweighofer et al. 2004 ). They were highly induced in the WT at 6 h after treatment with 50 µM ABA, whereas they showed greatly reduced expression levels in both srk2d/e/i and areb1/areb2/abf3 triple mutants in comparison with the expression levels in the WT after 6 h of treatment with 50 µM ABA (Supplementary Table S1E ). The disruption of these PP2C genes, however, does not affect ABA sensitivity during germination ( T. . Notably, HAI1 was not expressed in seeds, unlike the other group-A PP2C genes ( T. . Moreover, BiFC analysis showed that HAI1 interacts with SRK2D ( Fig. 5 ) that is a key determinant of ABA sensitivity ( Fig. 3C ) and the most abundant component of SRK2D/E/I in plants ( Fujii et al. 2007 ). This interaction occurs in the nucleus and cytoplasm in planta, as seen between ABI1 and SRK2D ( Fig. 5 ) . Together, these data support the view that HAI1 functions specifi cally the involvement of hormonal regulation and its roles in morphological change during dehydration stress. Taken together with the results from the in-gel kinase assay ( Furihata et al. 2006 ) , localization analyses and BiFC analyses ( Fig. 1 , Supplementary Figs. S1, S2 ) support the in SRK2D/E/I-mediated ABA signaling in response to water stress in the vegetative stage, but not in the germination stage.
Discussion
Here, we show that the srk2d/e/i (i.e. snrk2.2/2.3/2.6 ) triple null mutation completely blocks ABA signaling in the germination and post-germination stages, whereas srk2d , srk2e and srk2i single and double null mutations do not. At the vegetative stage, the srk2d/e/i triple mutation drastically impairs ABA/stress-responsive expression of many previously identifi ed genes ( Fig. 4 ) . This results in severely reduced tolerance to drought stress ( Fig. 2 ) and almost complete growth insensitivity to ABA ( Fig. 3 ) . Moreover, the triple mutant seeds displayed near perfect ABA-insensitive phenotypes in germination and showed viviparous germination ( Fig. 3 ) , while many other ABA mutants did not show any of these traits. Our data clearly show that SRK2D/E/I act as central positive regulators in ABA signaling during germination and in response to water stress during the vegetative stage, consistent with the recent independent report released while our manuscript was in preparation ( Fujii and Zhu 2009 ). In addition, these strong ABA-related phenotypes may be reminiscent of the strong alleles of abi3 ( Ooms et al. 1993 ) . The rice orthologs SAPK8, SAPK9 and SAPK10 are consistently classifi ed into the same group of the SnRK2 protein kinase subfamily and are also activated by both ABA and osmotic stress in the rice protoplast transient expression system ( Kobayashi et al. 2004 ). This suggests that SRK2D/E/I are highly conserved and may be central regulators in ABA signaling in both monocots and dicots.
Phosphorylation of AREB1 by SRK2D/E/I is required for expression of downstream target genes ( Furihata et al. 2006 ).
In fact, the srk2d/i double mutant showed impaired ABA-responsive phosphorylation of AREB1 (ABF2) in vitro ( Fujii et al. 2007 ) . At the same time, our data indicated that the srk2d/e/i triple mutant was signifi cantly impaired in ABA-inducible expression of AREB1. Moreover, our transcriptome analyses of areb1/areb2/abf3 and srk2d/e/i triple mutants showed that 75 % of the ABA-responsive AREB/ ABF target genes were positively regulated by SRK2D/E/I ( Fig. 4C , Supplementary Table S1D) . Together with the observation that SRK2D/E/I and AREB1 co-localize and interact in nuclei in vivo, these data suggest that SRK2D/E/I regulate both transcription and phosphorylation of AREB1 in ABA signaling in response to water stress.
Our results show that stress-responsive expression of many transcription factor genes that function in both ABAdependent and ABA-independent pathways is drastically down-regulated in the srk2d/e/i triple mutant. Previously identifi ed target genes of the transcription factors, e.g. DREB2A and AREB1, were also markedly down-regulated. These results suggest that many osmotic stress marker genes, such as KIN2 , RD20 , COR15A and RD29B , are regulated by transcription factors controlled directly or indirectly by SRK2D/E/I protein kinases. Also, our results suggest that these three protein kinases may function as convergence points between ABA-dependent and -independent pathways in response to water stress ( Fig. 6 ). However, it remains unclear whether these three protein kinases directly phosphorylate transcription factors to regulate expression of target genes. In addition, SRK2D/E/I appears to regulate biotic stress-responsive genes negatively in response to water stress (Supplementary Table S1C ). This suggests that SRK2D/E/I may have a regulatory role at the convergence point of the cross-talk between abiotic and biotic stress responses under water stress conditions. Moreover, our results also showed that many genes involved in fl oral development, e.g. AP3 and SEP2, were highly up-regulated in the srk2d/e/i triple mutant under stress conditions (Supplementary Table S1C ). The bZIP protein FD, which mediates signals from the fl oral pathway integrator FT ( Abe et al. 2005 ) , is a close homolog of AREB1 and contains phosphorylation target sites, so it is possible that FD is a substrate of SnRK2 kinases. Further research is required to clarify the regulatory function of SRK2D/E/I in biotic and abiotic stress responses and development.
We showed that SRK2D/E/I positively regulate expression of all nine group-A PP2C genes, such as ABI1 , in response to exogenous ABA treatment in the vegetative stage (Supplementary Table S1E ). Also, our BiFC analysis indicated that SRK2D interacts with at least two members of the PP2C family, ABI1 and HAI1. The latter was newly identifi ed as a vegetative-specifi c group-A PP2C. In addition, SRK2E bound to ABI1 in a yeast two-hybrid assay ( R. . Taken together with the previous fi nding that the abi1-1 mutation disrupted ABA activation of the OST1/ SRK2E kinase ( Mustilli et al. 2002 , these data support the hypothesis that the dual modulation of SRK2D/E/I and PP2Cs fi ne-tunes ABA signaling in response to water stress in the vegetative stage ( Fig. 6 ). In unstressed conditions, ABI1 transcripts were the most abundant of the group-A PP2Cs, whereas the HAI1 expression level was comparatively lower (Supplementary Table S1E ).
Conversely, under water stress conditions, HAI1 was drastically up-regulated in comparison with ABI1 . Thus, each group-A PP2C might play a different role in fi ne-tuning ABA signaling during responses to water stress. PYR/PYL/RCAR proteins, which have recently been identifi ed as soluble ABA receptors, can interact with several group-A PP2Cs in response to ABA ( Ma et al. 2009 , Park et al. 2009 ) and are required for ABA-dependent activation of SRK2D/E/I ( Park et al. 2009 ). This supports the view that the PP2C-ABA receptor complex regulates SRK2D/E/I in ABA signaling as follows ( Fig. 6 ). In unstressed conditions, pre-existing PP2Cs, such as ABI1, appear to repress the ABA signaling pathways via the inactivation of SRK2D/E/I ( Park et al. 2009 ). Under water stress conditions, the ABA signal allows SRK2D/E/I to activate downstream genes, such as PP2Cs, including HAI1, and LEA protein genes via repression of PP2C-dependent negative regulation in the PP2C-PYR/PYL/RCAR ABA receptor complex by transcription factors, including AREB1 ( Ma et al. 2009 , Park et al. 2009 ). Finally, PP2Cs are assumed to interact with SRK2D/E/I to fi ne-tune ABA signaling under water stress conditions. Further studies are required to unravel the mechanisms by which SRK2D/E/I and group-A PP2Cs regulate the phosphorylation state of the signaling factors via the ABA receptor complex in ABA signaling.
Materials and Methods
Plant materials, growth conditions and generation of transgenic plants
Arabidopsis thaliana (ecotype Columbia) plants were grown, transformed and treated as described previously ( Fujita et al. 2005 ) . T-DNA insertion lines srk2d (GABI-Kat 807G04) and srk2i (SALK_096546) were provided by the Max Planck Institute for Plant Breeding Research and Arabidopsis Biological Resource Center (ABRC), respectively, and the srk2e (SALK_008068) line was provided by Dr. Riichiro Yoshida at RIKEN ( Yoshida et al. 2002 ) . A series of multiple srk2d , srk2e and srk2i mutants in the Col ecotype were constructed by genetic crosses and were screened using primers recommended by ABRC as described previoiusly ( Nakashima et al. 2009 ). The detailed procedure for construction of pGreenII-based plasmids for plant transformation is described in Supplementary Materials and Methods and Supplementary Table S2 . The plant transformation vectors were transformed into Arabidopsis by the vacuum infi ltration method using Agrobacterium tumefaciens strain GV3101 as described previously ( Fujita et al. 2005 ).
BiFC analysis
Construction of the pUCSPYNE-and pUCSPYCE-based plasmids for BiFC analysis ( Walter et al. 2004 ) is described in the Supplementary data. Analysis of transient expression in onion epidermal cells was conducted as described previously ( Fujita et al. 2005 ) . Cyan fl uorescent protein (CFP) and YFP fl uorescence was observed with a confocal laser scanning microscope (LSM5 PASCAL, Carl Zeiss, Oberkochen, Germany).
Drought tolerance assays, analysis of plant water relations and ABA analysis
Analyses of drought tolerance, plant water relations, observation of stomatal aperture and ABA sensitivity in germination and seedling stages were performed as described previously ( Fujita et al. 2005 , Nakashima et al. 2009 ). Gas chromatography-mass spectrometry (GC-MS) analysis of ABA was conducted as described previously Model for SRK2D/E/I regulation of ABA signaling in response to water stress. In unstressed conditions, pre-existing PP2Cs such as ABI1 may bind to SRK2D/E/I ( Park et al. 2009 ). In response to water stress, ABA appears to trigger activation of SRK2D/E/I via the PP2C-PYR/ PYL/RCAR ABA receptor complex ( Ma et al. 2009 , Park et al. 2009 ). Then, SRK2D/E/I positively regulate downstream genes such as PP2Cs including HAI1 and LEA protein genes, via transcription factors (TFs) including AREB1. Consequently, PP2Cs are assumed to bind to the SRK2D/E/I to fi ne-tune ABA signaling in response to water stress. ( Iuchi et al. 2000 ) , except that the column length was 60 m, and the oven temperature was fi rst increased to 200 ° C at a rate of 30 ° C min −1 followed by further increment to 250 ° C at a rate of 2.5 ° C min −1 .
Gene expression analyses
Total RNA was isolated with RNAiso reagent (TAKARA BIO INC., Ohtsu, Japan) from 12-day-old plants. We carried out qRT-PCR analyses with total RNA using an ABI 7500 realtime PCR system as described previously ( Qin et al. 2008 ).
Genome-wide transcriptome analysis using the Arabidopsis 3 Oligo Microarray Kit (Agilent Technologies, Palo Alto, CA, USA) was conducted with total RNA as described previously ( Fujita et al. 2005 ) . Biological replication was performed by analyzing samples obtained from two independent treatments. For each experiment, two slides were analyzed for Cy3 and Cy5 dye swap as described previously ( Nakashima et al. 2009 ). Heat maps were constructed with the top 70 down-regulated genes in each experiment using Genevestigator ( www.genevestigator.ethz.ch ). The microarray design and all data were deposited in the ArrayExpress database, www.ebi.ac.uk/arrayexpress (accession Nos. E-MEXP-2116, E-MEXP-2187 and E-MEXP-2355).
Statistical analysis of the microarray data
Statistical analysis of the microarray data was performed as previously described ( Qin et al. 2008 ). Integration and normalization of each spot's signal intensity were performed using the Lowess method in the Feature Extraction 9.5 program (Agilent Technologies). Statistical analysis was performed using the ArrayAssist software (Stratagene). The Welch t -test was used for the parametric test, and the Benjamini and Hochberg false discovery rate for multiple testing corrections was employed with a P -value of <0.05 to filter reliable genes. By this statistical analysis, we generated lists of the genes that present signifi cant differences in their expression levels between WT and various mutant plants under stressed conditions, or between unstressed normal and stressed conditions in WT plants. All genes that were considered to show signifi cant expression differences by the previous tests were then fi ltered by an absolute fold change of ≥ 2.0.
Supplementary data
Supplementary data are available at PCP online.
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